The ligand-field strength in metal complexes of polydentate ligands depends critically on how the ligand backbone places the donor atoms in three-dimensional space. Distortions from regular coordination geometries are often observed. In this work, we study the isolated effect of ligand-sphere distortion by means of two structurally related pentadentate ligands of identical donor set, in the solid state (X-ray diffraction, 
Introduction
In vitro modelling of the biological function of a metal ion requires both an understanding of the factors governing its reactivity, and their control. An important determinant, which is often difficult to study in isolation from other factors, is the distortion of the ligand sphere as imposed by the biological matrix (cf. the concept of the entatic state 1, 2 ). Studies of entasis, both in vivo and in vitro, [3] [4] [5] [6] [7] are most numerous for copper-based redox catalytic systems. Here, catalytic activity is associated with the mismatch between actual coordination geometry and coordination chemical preference, which is tetrahedral for copper(I) and square planar ( pyramidal) for copper(II). We posit that redox processes involving metal centres other than copper are similarly controlled by ligand-field distortion and therefore synthetically addressable. In particular, the electronic nature and reactivity of oxoiron(IV) species deriving from catalytically active iron(II) complexes, both in vivo and in vitro, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] are expected to be highly susceptible to ligand-field effects. For instance, variation of the ligand-field strength has been used by Que et al. to tune the spin-state energetics of oxoiron(IV) in a functional model of taurine dioxygenase (TauD) through variation of a donor atom (N vs. O). 18 In this work, we describe ligand-imposed distortion of the coordination environment as a powerful tool to tune the geometry, electronics and reactivity of a pair of iron(II) complexes. In two closely related N 5 ligands of identical donor atom set, distortion of the latter allows us to study the effects of changes † Dedicated to Professor Manfred Scheer on the occasion of his 60th birthday. in ligand-sphere geometry and symmetry. This approach decouples the metal centre under study from first-order ligand-field strength effects, as induced by donor set variation, either in terms of donor element (e.g., N vs. O, vide supra) or in terms of hybridisation state within one class of donor atom (e.g., sp 2 N vs. sp 3 N). Control of ligand-field strength 19 via incremental distortion of the geometry necessitates control of intra-ligand strain 20 and thus, synthesis of "tailor-made" polydentate ligands. In previous work, we have provided synthetic access to numerous polydentate nitrogen-dominated ligand systems 21, 22 and have reported on structures and reactivity of their transition-metal complexes (e.g., iron(II/III/V), [23] [24] [25] cobalt(II/III), 26 copper(II) 27 ).
For the study presented here, we have prepared the cyclic ligand L 1 (6-methyl-6-( pyridin-2-yl)-1,4-bis( pyridin-2-ylmethyl)-1,4-diazepane), 28, 29 and its open-chain congener -bis(pyridine-2-ylmethyl) propane-1,3-diamine). They both share the trisimine-bisamine donor set of the established pentadentate N 5 ligand N-benzyl-N,N′,N′-tris( pyridin-2-ylmethyl)-ethane-1,2-diamine (Bn-TPEN), 30, 31 but differ in the connectivity and hence, structural flexibility of the central diamine unit (Scheme 1).
As is detailed here, structures and electronic properties of iron(II) complexes [FeL n (X)] of these ligands reflect the differences in ligand topology and the inherent ligand-field strength of the co-ligand X. We have characterised the constitution, structure, and electronics of their iron(II) complexes in the solid state as well as in solution and by density-functional theory methods. Trigonal distortion of the coordination sphere, as a consequence of the angular constraint in L 1 , is clearly shown to reduce the ligand-field strength significantly, thereby favouring electronic high-spin states of the iron(II) centres. Preliminary results indicate that ligand-imposed distortion also causes the related oxoiron(IV) species to show distinctly different spectroscopic properties and reactivity.
Results and discussion

Ligand synthesis
Synthetic details for the 1,4-diazepane-based ligand L 1 have been given in a previous publication. 29 The open-chain ligand L 2 was prepared from 2-methyl-2-( pyridine-2-yl)-propane-1,3-diamine 32 in four steps with an overall yield of ca. 40%, (Scheme 2). Experimental details and analytical results are given in the Experimental section. 1 H-NMR spectra of the ligands in CDCl 3 are unexceptional.
A 2 : 1 intensity pattern in the pyridine-based resonances indicates (time-averaged) C s symmetry in solution in both cases. The spectra of both ligands are overall similar. This suggests similar structural preferences in solution, i.e., the structural constraints of the diazepane ring in L 1 (Scheme 1) do not restrict the conformational space of the picolyl donor groups to a significant extent. Generation of single crystals was performed as described for ligand L 1 .
Crystal structures. All compounds crystallise as racemic mixtures of two helically chiral enantiomeric complex units. Crystallographic data can be found in Table S1 obviously due to constraints imposed by its cyclic ligand backbone. In particular, it is the 1,4-diazepane ring that forces and fixes the cis angle subtended by the amine-donor atoms at a value much smaller than the ideal value of 90°. As a consequence, the cis-angle distortion Σ (summed deviation of the 12 Fig. 1 Structures of the complex cations of iron(II) and nickel(II) complexes of the ligands L 1 (top) and L 2 (bottom)); 'mer' and 'fac' refer to the juxtaposition of the three pyridine donors (see Scheme 3) . ORTEP representations with displacement ellipsoids at the 50% probability level; hydrogen atoms and counter ions omitted for clarity.
cis angles in the polyhedron from 90°) 33 is substantially higher
Iron-nitrogen bond lengths are in the range 210 pm < d(Fe-N) < 235 pm in all cases (see Table 1 ). This clearly indicates iron(II) in its high-spin electronic configuration (hs, S = 2, t 2g 4 e g 2 ), 34 The Fe-N bonds trans to the co-ligands X, which involve one of the amine N atoms, are elongated in the solid-state structures (Fe1-N4 in Fig. 1 
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This journal is © The Royal Society of Chemistry 2015 electrolyte. 41 The speciation of the complexes in solution is fully corroborated by 57 Fe-Mössbauer spectroscopic studies of powder samples prepared from these solutions via rapid precipitation (vide infra). 
. 30 and is accordingly interpreted as being due to an MLCT transition within a ls-iron(II) species.
In agreement with this assignment, the intensity of the band is affected by temperature: at low temperature (Fig. 3a) , a further increase to ε max = 8400 cm −1 L mol −1 accompanies a slight red-shift to λ max = 406 nm, whereas at elevated temperature ( Fig. 3b) , the band is successively bleached and blueshifted (λ max = 388 nm at T = 353 K). This behaviour is typical of thermal spin-crossover (SCO) systems (eqn (1)).
ls-½2ðMeCNÞ 2þ Ð hs-½2ðMeCNÞ 2þ ð1Þ
In order to extract the thermodynamic parameters of the SCO-induced thermochromism of [2(MeCN)] 2+ , UV/Vis absorption at λ = 400 nm has been analysed at temperatures between 233 K and 353 K. Because of solvent-inherent limitation of the temperature range, the absorption coefficient of the ls-form was estimated through sigmoidal fitting of the data to a Boltzmann model ( Fig. 3c ; the array of curves denotes fits with ε(ls) fixed to values between 9000 and 9600 cm
Van't Hoff analysis of the SCO equilibrium constants that derive from these data ( (Table 3) , it was possible to isolate the incremental contributions ascribable to the N 5 ligand (δΔ SCO E el (N 5 )) and the coligand (δΔ SCO E el (X)). Interestingly, both factors are found to contribute similarly to the SCO energies. The incremental contribution of the co-ligand δΔ SCO E el (X) (vertical difference in Table 3 ) amounts to ca. 25-27 kJ mol −1 , whereas the distortion-related increment of the N 5 ligand δΔ SCO E el (N 5 ) (horizontal difference in Table 3 2 were recorded at T ≈ 100 K ( Fig. 4a and b ) and analysed by least-squares fitting with doublets of Lorentzian lines. The results with focus on the main components of the Mössbauer spectrum are summarised in Table 4 . The results corroborate our spin-state assignments from the solution studies and agree with the implications of the DFTderived SCO energies. The Mössbauer spectra of [2(OTf )](OTf ) were analysed by use of three sub-spectra (Fig. 4b) , whereby the main signal (volume fraction >80%) with an isomer shift of δ = 1.088 mm s −1 and quadrupole splitting of ΔE Q = 2.123 mm s −1 is clearly attributable to a hs iron(II) complex, which corroborates the results of the solution studies of spin state and speciation discussed above. Minor amounts of ls iron(II) (volume fraction 
. Values in parentheses: B3LYP*/def2-TZVP/COSMO(MeCN)// B3LYP-D3/def2-TZVP/COSMO(MeCN).
This journal is © The Royal Society of Chemistry 2015 2 at T = 350 K for three days under reduced pressure ( p ≈ 10 mbar) leads to an almost complete loss of the spectral features of the ls complex (Fig. 4c) . The main component (volume fraction >80%) of the spectrum obtained at T ≈ 100 K from the thermally-treated sample shows signatures typical of hs iron(II) complexes (δ = 1.097 mm s (Fig. 4b) 2 . We note that DFT-derived isomer shifts are in close agreement (data in square brackets in Table 4 ) with the experimental data.
In agreement with an irreversible spin state change attendant on ligand exchange in the lattice at elevated temperature, SQUID magnetometry between 4 K < T < 390 K (Fig. S6 ‡) identifies a thermally driven gradual increase of the effective magnetic moment μ eff to > 5.2 μ B . As is typical for high-spin 3d 6 transition metal ions, the observed effective magnetic moment is slightly larger than the expected S = 2 spin-only value of μ eff = 4.9 μ B , due to spin-orbit interactions and contributions of low-lying orbital states. 43 The turnover temperature T 1/2 ≈ 
This journal is © The Royal Society of Chemistry 2015 these samples mirror the constitution of the complex in solution; that is, precipitation occurs without significant ligand scrambling. It was thus assumed that rapid precipitation can also "freeze out" conformational dynamics, such that the solid samples will depict also the conformational equilibrium of the complexes [1(X)] n+ . If this was actually the case, each conformer must contribute to the Mössbauer spectra individually; that is, two hs components will be visible. Powder samples of [1(MeCN)](OTf ) 2 and [1(OTf )](OTf ) actually give Mössbauer spectra typical of hs iron(II) complexes (spectra at T ≈ 100 K in Fig. 5 ; fit parameters of the main components in Table 4 ). Importantly, the spectra are clearly dominated by two close-lying hs doublets at all temperatures studied (minor impurity signals are observed). We assign this pattern to conformers of the complexes; an assignment of the spectral components to specific complex conformers, i.e., mer vs. fac, is not attempted.
The nature of the co-ligand, MeCN or OTf, significantly affects the appearance of the spectra, with respect to quadrupole splitting and volume fraction. In particular, the quadrupole splitting ΔE Q of [1(OTf )](OTf ) is temperature-dependent. Between T = 20 K and 200 K, the quadrupole splitting decreases by ca. 1 mm s −1 with increasing temperature, whereas the quadrupole splitting of [1(MeCN)](OTf ) 2 is almost invariant with temperature (cf., Table S4 ‡). In principle, several sources may contribute to the thermal effect on ΔE Q , 44,45 e.g.
concerning the thermal population of the ligand-field multiplets, the presence of spin-orbit interactions, or molecule dynamics (e.g., rotation or vibration of the molecule or parts of it), which then ( partially) average out the effective electric field gradient at the 57 Fe nucleus site. In the latter case, hindered molecule dynamics disfavours the averaging process at lower temperature. In view of the observed significant crystallographic disorder involving position, conformation and bond distances of coordinated triflate in [1(OTf )](OTf ) (see Table 1 ), we suggest that, at high temperature, stereodynamic mobility of the coordinated triflate ion allows thermal exchange among different rotamers; a process that is frozen out or locked at lower temperature. Consistent with this interpretation, quadrupole splitting at T ≈ 200 K of the spectral components of [1(OTf )](OTf ) is indistinguishable from the splitting of [1(MeCN)](OTf ) 2 , but deviates massively at lower temperature. Quantitative analysis of the volume fractions of the two main components in the spectrum of [1(OTf )](OTf ) reveals an apparent temperature dependence. While the main components contribute with ca. 59% and 24% at T = 100 K, these components contribute equally with ca. 42% and 49% at T = 20 K (cf. Table S4 ‡). We note that, at the same time, the volume fraction of an impurity phase decreases significantly from 18% at T = 100 K to 9% at T = 20 K. These spectral changes are not associated with temperature effects on speciation and/or spin state of the compound, but are artefacts of As a consequence of ligand-imposed distortion of the coordination sphere, the structures, coordination isomers, and spin states of the iron(II) complexes [1(X)] n+ and [2(X)] n+ differ distinctly. Our preliminary work presented here addresses the question whether these differences affect the formation and reactivity of oxoiron(IV) complexes derived from these precursors. We find that formation kinetics, spectroscopic signature and reactivity of oxoiron(IV) complexes thus obtained are strongly affected by the degree of distortion in the ligand fields as supplied by ligands L 1 and L 2 . in acetonitrile with equimolar amounts of mCPBA proceed with characteristic UV/Vis-spectroscopic response ( Fig. 6 ; data in Table 6 ). In both cases, diagnostic absorption bands at λ = 810 nm and λ = 730 nm are recorded in the visible spectral region, for [ (Fig. 6 , right panel) measurements had to be performed at T = 233 K, due to the high intrinsic reactivity of the oxoiron(IV) species at room temperature. While the peak positions of these absorption bands agree with values reported ; T = 233 K; light path d = 0.1 cm) at t = 0 s and t = 2 s; insets: spectral region diagnostic of oxoiron(IV) species; apparent molar absorption coefficients ε λ are normalised with respect to the total amount of iron.
This for other oxoiron(IV) species, the molar absorption coefficients are somewhat smaller than the majority of published values. Fig. 7a and b) . Weak signals at m/z = 223.5856 (calc. : m/z = 598.1279) (Fig. 7c and d) . . The signals show that speciation is consistent, but they also highlight the presence of 18 O in the oxidation products of interest. This suggests isotope exchange between 18 OH 2 and the product of the mCPBAinduced oxidation reaction, providing conclusive evidence for the formation of an oxoiron(IV) complex of ligand L 2 . 46 Mass-spectrometric analysis failed to provide direct evidence for the formation of the corresponding oxoiron(IV) complex of ligand L 1 . This failure is probably due to the complex's high intrinsic reactivity: the UV/Vis spectra recorded directly after mixing the reactants at room temperature have no feature attributable to an oxoiron(IV) species; rather, they are assignable to the products of the latter's rapid intramolecular decay. Current work seeks to clarify the decay pathway.
Differences in the long-wavelength absorption maxima of both oxoiron(IV) species reflect their diverging electronic properties. In particular, the oxoiron(IV) complex of the constrained ligand L 1 exhibits a ligand-field strength significantly weaker than that of its less-strained congener. The difference of ca. 100 nm in the positions of their long-wavelength d → d absorption bands translates into a difference in the excitation energy of ca. 20 kJ mol −1 . We note that this ligand-imposed energy difference ties in nicely with the DFT-derived ligandimposed differences in ligand-field splitting (Table 3) . Differences between the complexes also extend to the formation kinetics. In the case of ligand L 1 , the growth of the characteristic long-wavelength band at 810 nm is limited by the mixing time of the substrates (t mix ≈ 2 s). Growth is already complete by the time the first reaction spectrum is recorded. This behaviour is quite remarkable, as these experiments were performed at low temperature (T = 233 K), pointing to a very labile iron(II) precursor. These indications of a labile ligand sphere and a weakened ligand field in the case of the oxoiron(IV) species of L 1 are both in line with our "distortion hypothesis". Accordingly, the less distorted iron(II) precursor, of ligand L 2 , forms the oxoiron(IV) species much more slowly, completing the reaction after ca. 15 minutes at ambient temperature.
Conclusions
In the present work, we have established incremental ligandfield distortion as a tool to tune the structural, conformational and spin-state preferences of iron(II) complexes, in ligand 
Experimental section
Materials and general procedure
All reagents and solvents were purchased from commercial sources (Sigma-Aldrich, Acros). Reagents were used as received, and solvents dried according to published procedures. 47 The synthesis of the constrained ligand L 1 and of its complexes 57 Co in a rhodium matrix kept at room temperature. The measurements were done with a CryoVac continuous flow cryostat with N 2 or Helium exchange gas. The temperature was measured with a calibrated Si diode located close to the sample container. The isomer shift δ is specified relative to metallic iron at room temperature and was not corrected for second order Doppler shift. The measurements on [1(OTf )](OTf ) were carried out with a Janis closed-cycle cryostat with comparable specifications, geometry and sample environments as described above. The activity of the Mössbauer source used here was about 10 mCi of 57 Co in a rhodium matrix.
SQUID magnetometry
SQUID magnetometry measurements were performed on a Cryogenic Ltd. closed-cycle SQUID magnetometer. The sample was weighed in a gelatin capsule and then fixed in a polyethene sample holder. The background signal of the empty gelatin capsule and the sample holder were experimentally determined and subtracted from the experimental raw data set. The correction of the diamagnetic susceptibility of the complex was done by use of tabulated Pascal parameters.
X-ray data collection and refinement details
Data were collected at 150.00(10) K using an "Oxford Diffraction Xcalibur S" diffractometer equipped with a goniometer in κ geometry, a "Sapphire 3" CCD-detector, and a graphitemonochromated "Enhance" Mo-K α source (λ = 0.71073 Å) or an "Agilent Nova" diffractometer equipped with a goniometer in κ geometry, an "Atlas" CCD-detector, and a mirror-monochromated "SuperNova" Cu-K α source (λ = 1.54184 Å). Diffraction images were integrated with CrysAlisPro. An empirical absorption correction using spherical harmonics implemented in the Scale3 AbsPack scaling algorithm was performed. 48 algorithm. Non-hydrogen atoms were refined anisotropically; hydrogen atoms were refined isotropically with standard ridingmodels. Molecular graphics were produced using Mercury. 51 Crystallographic details are summarised in Table S1 . ‡ All disordered parts of the crystal structures were modelled in two discrete positions using (tight) rigid-bond and isotropy restraints. For the triflato ligand in [1(OTf )](OTf ), the occupancies refined to 0.51(2)/0.49 (2) . In [NiL 1 (ClO 4 )](ClO 4 )·MeOH, the perchlorate ion containing Cl2 was modelled using additional same-distance restraints for the oxygen atoms; occupancies refined to 0.57(3)/0.43 (3) . In [2(OTf )](OTf ), the triflato ligand is rotationally disordered about the O40-S43 axis.
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This Using additional same-distance restraints with standard weights for the whole ligand, occupancies refined to 0.52 (3) 2 ·MeOH, the hydrogen atoms of the aqua ligand were located on a Fourier difference map and refined semi-freely. The perchlorate ion containing Cl2 exhibits rotational disorder along the O6-Cl2 axis. Occupancies refined to 0.716(9)/0.284 (9) . The Cl-O distances were restrained to be equal and refined to an average of 1.427(7) Å. The Flack parameter refined to x = 0.005 (12) , thus supporting enantiopurity of the crystal and the correct assignment of absolute structure. 
The aminal A (2.35 g; 11.42 mmol) is dissolved in technical 1,2-ethanediol (70 ml). After addition of HCl (32%; 150 ml) the mixture is stirred for 8 days at 55°C. From 25 ml aliquots of the cooled mixture (0°C), the amine is deliberated by addition of 1,2-ethylendiamine (15 ml; exothermic reaction; temperature below 30°C). The combined alkaline mixtures are diluted with water and extracted with three portions of CHCl 3 . After evaporation of all volatiles the residue is extracted with pentane (6 × 5 ml) and the volume of the combined pentane phases reduced to 10 ml. The pentane solutione is extracted with a concentrated NaHCO 3 solution (3 × 10 ml). The combined aqueous phases are extracted with CHCl 3 (3 × 10 ml). After evaporation of the combined organic phases under reduced pressure, the secondary amine B is obtained as a yellow oil (yield: 1.18 g; 53% 
A mixture of the secondary amine B (0.55 g; 2.8 mmol) with Na 2 CO 3 (3.03 g; 28.6 mmol) and 2-picolylchloride-hydrochloride (0.94 g; 5.7 mmol) in acetonitrile is stirred at 55°C for two days. After cooling to ambient temperature, the solvent is removed under reduced pressure. The red oil obtained is dissolved in toluene and the resulting solution extracted with water. Toluene is removed under reduced pressure and the residue is extracted several times with pentane. From the combined pentane extracts, ligand L 2 is obtained as a yellow oil 
Synthesis of metal complexes
Iron(II) Triflato complexes: general procedure. After addition of a solution of the ligand in acetonitrile (2 ml) to a suspension of Fe(OTf ) 2 in acetonitrile (2 ml), the reaction mixture is stirred for 1 d at room temperature. After removing acetonitrile under reduced pressure, dichloromethane was added. The solution was stirred for 1 h and then treated with diethyl ether (20 ml) to give a light yellow solid. This is collected by filtration, washed with diethyl ether, and dried in vacuo. Isothermal diffusion of diethyl ether into a solution in dichloromethane affords the product as a yellow crystalline material.
[ 
Computational details
All DFT and TDDFT calculations were performed using TURBOMOLE6.3 [54] [55] [56] [57] [58] [59] and a locally modified version of the
